The bodonids and cryptobiids represent an early diverged sister group to the trypanosomatids among the kinetoplastid protozoa. The trypanosome type of uridine insertion-deletion RNA editing was found to occur in the cryptobiid fish parasite Trypanoplasma borreli. A pan-edited ribosomal protein, S12, and a novel 3'-and 5'-edited cytochrome b, in addition to an unedited cytochrome oxidase III gene and an apparently unedited 12S rRNA gene, were found in a 6-kb fragment of the 80-to 90-kb mitochondrial genome. The gene order differs from that in trypanosomatids, as does the organization of putative guide RNA genes; guide RNA-like molecules are transcribed from tandemly repeated 1-kb sequences organized in 200-and 170-kb molecules instead of minicircles. The presence of pan-editing in this lineage is consistent with an ancient evolutionary origin of this process.
The evolutionary origin of the uridine (U) insertion-deletion type of RNA editing which occurs in the mitochondrion of the trypanosomatid kinetoplastid protozoa is an intriguing problem. Within the kinetoplastid protozoa there are two suborders, the Trypanosomatina and the Bodonina, as determined by morphological characters and life cycles. The trypanosomatids consist of approximately 8 to 10 obligately parasitic genera in a single family, and the bodonids consist of two major families containing both free-living and parasitic organisms (the Bodonidae and the Cryptobiidae) (30) . RNA editing in several trypanosomatids, including the digenetic genera Trypanosoma and Leishmania and the monogenetic genera Crithidia, Blastocrithidia, and Herpetomonas, has been investigated (7, 26, 28) . It has been shown previously that extensive editing or pan-editing, which is mediated by multiple overlapping guide RNAs (gRNAs), represents a primitive character state within the trypanosomatid lineage and that 5' editing and even loss of editing represent derived traits which possibly arose on account of replacement of pan-edited original versions of the genes, with partially or fully edited versions derived from mRNAs (11) (12) (13) (14) . Little is known about mitochondrial DNA in the bodonids and cryptobiids, which is also termed kinetoplast DNA since it is present as a large DNAcontaining structure situated within the single mitochondrion ( Fig. 1 ). In the free-living bodonid Bodo caudatus, there is no network of catenated minicircles and maxicircles such as that which exists in the trypanosomatids; instead, a variety of large circular molecules with heterogeneous sizes is found (8) . In this paper, we show the occurrence of the uridine insertiondeletion type of RNA editing in the cryptobiid Trypanoplasma borreli, with some novel features, and we show that small gRNA-like transcripts are encoded in tandemly repeated 1-kb MATERUILS AND METHODS Cell culture. The axenic culture of the fish parasite T. borreli Pg-JH was provided by Jiri Lom, Institute of Parasitology, Ceske Budejovice, Czech Republic. The culture was isolated from a leech (20) . The cells were cultivated in a blood-free medium as described elsewhere (15) . The strain is now available from the American Type Culture Collection (ATCC 50433).
DNA isolation. Total-cell DNA was isolated as described elsewhere (15) . To purify mitochondrial DNA, CsCl-Hoechst 33258 equilibrium density centrifugation (24) Pulsed-field gel electrophoresis. Agarose blocks with embedded cells were prepared as described elsewhere (23) . CHEF (contour-clamped homogeneous electric field) 1.3% agarose gels were run at 150 V with switch times of 60 s for 21 h, 90 s for 8 h, and 120 s for 21 h.
Southern analysis. Leishmania tarentolae gene probes were specific PCR-amplified fragments of the maxicircle DNA. The 12S gene probe represented the region defined by positions 438 to 1600 in the GenBank LEIKPMAX entry; the cytochrome oxidase subunit I (COI) gene probe represented the region defined by positions 11167 to 12836. Blots with restriction digests of total-cell DNA and upper-band Hoechst-CsCl DNA of T. borreli were hybridized at 37°C in a buffer containing 6X SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-30% formamide, 5x Denhardt's solution, 0.2% sodium dodecyl sulfate (SDS), and 100 ,ug of showing the kinetoplast (k) and nucleus (n), is included for comparison. Scale bars, 10 45°C for 30 min with 400 U of Superscript RNase H-Reverse Transcriptase (Gibco-BRL) and was terminated by incubation at 95°C for 5 min. The amplification reaction mixture contained 1/10 of the cDNA reaction product described above and 500 ng of both the oligo(dT) primer described above and the corresponding upstream primer. The cycle profile began with 5 cycles of 1 min at 95°C, 1 min at 45°C, and 2.5 min at 65°C, which was followed by 30 cycles of 1 min at 95°C, 1 min at 50°C, and 2.5 min at 72°C. PCR products were gel purified and cloned using the pT7Blue vector (Novagen) and DHSa-competent cells (Gibco-BRL).
For the cloning of the mRNA 5' ends, cDNA synthesized with the genomic oligonucleotide S-1129 was ligated with the AmpliFINDER anchor from the 5'-AmpliFINDER RACE kit (Clontech) as suggested by the manufacturer. PCR amplification was done with the upstream AmpliFINDER anchor primer and the downstream nested oligonucleotide S-1169. The corresponding genomic fragment was amplified with oligonucleotides S-1129 and S-1193. Cloning was done as described above.
The following oligonucleotides were used in this study: (Fig. 2D) .
The 1-kb component I band produced by digestion with ScaI was gel isolated and cloned. Two cloned Scal fragments (S3 [923 bp] and S4 [940 bp]), which proved to be almost identical, were sequenced, with the differences being restricted to a single insertion of 13 T residues and several point insertionsdeletions and substitutions. These sequences contained the motif GGtGTTGaTGTA, which differed in two positions from the conserved 12-mer replication origin sequence (CSB-3) of trypanosome minicircles.
Isopycnic centrifugation of total-cell DNA in ethidium bromide-CsCl yielded a minor lower band characteristic of covalently closed circular DNA (Fig. 2C) . Digestion of the lower-band DNA with MspI gave an identical restriction pattern to that of MspI-digested Hoechst-CsCl upper-band DNA (Fig. 2B ). Additional evidence for the presence of large circular DNA molecules was obtained by CHEF gel electrophoresis. The cloned Scal component I fragment hybridized to a slowly migrating band (Fig. 3B , arrow) with the smear above it and to faster-migrating major and minor bands at 200 and 170 kb, respectively. The slowly migrating band (arrow) showed a lack of dependence of gel mobility on pulse time which is characteristic of closed circular molecules (data not shown). The large amount of hybridization of the probe with material in the well could be interpreted as indicating the existence of large nicked circles. The existence of a loose network composed of large circles which are easily broken during DNA isolation is also not excluded by these data. . This region was not analyzed in detail but may represent a homolog of the noncoding divergent region in trypanosomatid maxicircle DNA which also has repeats of various sizes (9, 17, 18) .
The 12S rRNA gene. A homolog for the 12S rRNA gene was identified within the cloned 6 kb component II sequence (Fig.  4) (nt 3300 to 2000 in GenBank sequence U14181). There was 68% nucleotide identity with the L. tarentolae 12S rRNA gene sequence. The level of sequence similarity is higher in the 3' portion of the gene, which corresponds to domain V of the Escherichia coli secondary-structure model (19) and which can be folded into a secondary structure that is nearly identical to the previously proposed secondary structure of the L. tarentolae 12S rRNA (5) was identified near one end of the cloned 6-kb component II mRNA, cDNA v fragment (Fig. 4) . The 5' portion of the gene is located outside chor ligation on I the cloned fragment; the 3' portion that should be inside the corresponding ge fragment could not be detected. The identified portion of the pared with those CYb gene, which includes 106 amino acids, shows 65% identity short 5'-edited d( with the corresponding portion of the L. tarentolae CYb and 4 U's deleted protein (Fig. 6) . To obtain the missing 5' end of the CYb amino acid sequ 18 17 16 15 T . b. RNA: 5 '-CUGUCCUCCAUAUUAUUUAUUUAUAAAUUUAUAUUACAAAACA**AuAuLuAuuuuGuu T.b. PEP: . AAAAuCuGuuCCA***GAuA**AGuuuAuG***GGuuuAuuuuuGuuGuuuG**UA***UUAuGuuuuGCuuuAuuuuuAuuuAuuuuGA*A uuuuuuGuCAuuG*UAuGuUGuGuuGuGuuuUCCAuuAUGGA*UG*GAAAuuCAGuuUUGGGuuuuGuuGuuGuuuuGuuuuA**UUGuG** :: 1: Herpetomonas muscarum (12) .
Analysis of the nucleotide frequencies of the genomic sequence just downstream of the incomplete CYb open reading frame showed an enrichment for G residues (Fig. 4) , which is characteristic of pan-edited domains. To verify if this G-rich region (GR) corresponds to the missing carboxy terminus of the gene, partially edited transcripts from this region were reverse transcriptase PCR amplified and cloned. A consensus editing pattern was determined from analysis of the sequences of 19 clones (Fig. 7) . The edited sequence contained 144 U's that had been added and 40 U's had been deleted at 78 sites, yielding an open reading frame encoding the missing 98 amino acids of the CYb gene (Fig. 6) . The amino acid sequence was 69% identical to the C-terminal CYb sequence from L. tarentolae (Fig. 6 ). An encoded UAA termination codon was located 9 nt downstream of the first editing site. All of the 19 clones showed a 3' end 22 nt downstream of the first editing site that coincided with a single encoded U residue. The clones also contained a stretch of four to six nonencoded U's just upstream of a poly(A) tail. As in the case of partially edited RNAs of trypanosomatids, it was possible to align the partially edited mRNA clones according to an overall 3'-to-5' progression of editing (Fig. 7) . If we assume that the frequency of cDNA clones approximates the frequency of steady-state partially and fully edited RNAs, it is interesting to note the relatively low abundance of fully edited RNAs in this population. In addition, fairly large unexpected editing patterns (29) are consistently localized in junction regions between fully edited sequences and unedited sequences, as in the case of pan-editing in T brucei (3).
Pan-edited RPS12 cryptogene. There are two other G-rich regions within the cloned fragment (Fig. 4) . The hypothesis that transcripts from these regions are also pan-edited was verified for the smaller region by reverse transcriptase PCR. A 5' PCR primer corresponding to the genomic sequence just upstream of the GR was used together with a 3' oligo(dT) primer. A consensus edited sequence which had 133 U's added and 32 U's deleted in 66 sites was determined from 20 clones TTA A TTA 0 GTCCA CO A CTTTTTCCA 0 C C ttTTAtttA **A t~tGTCCA CGr tA tC*****CC~A G. ttrtC tAttTTA t~tGTCCA CGtttA C*****CCA GlttC C tAttTTA t~tGTCCA C~tttA C~~*#CCA t t-tC C tAttTTA tGtGTCCA CGtttA C****CCA G ttC C tAttTTA tGtGTCCA C~tttA C"***CCA G ttC C tAttTTA tGtGTCCA ZCGtttA-C~*****CA G ttC C tAttTTA t~tGTCCA C~tttA~C**-**CCA G ]ttC C tAttTTAtt~tGTCC~C t ittttC*****CCAtGtttC C tAttTTA tGtGTCCA C~tttA~C**A,"CA 0 ttC C tAttTTA tGtGTCCA CG-tA C*****CCAtGtttC C tAttTTA tGtGTCCA C~tttA C~***ICCA 0 ttC C tAtttTA t~tG!CCA CGtttA C*****CCA G ttC C
RNA: ********G*GQJA AuCGuA uG*A*****UUGGuuGuuuAuALAuJAuuAuuG uuuuAuAG uuuuuGAuuG uuA C GuuGOuLKJULUUAuuuuuuuuuuG of partially edited RNAs (Fig. 8) (Fig. 9) . The 3' ends of most clones in Fig. 8 (Fig. lOB3) 
: : T .b. RNA: uuGuuuAG**AuAuuUUAuGuGUCCACGuuuAC*****CCAGuuCC********G*GUAAuCGuAuG*A******UUGGuuGuuuAuuA T . b. RNA: uuuuA***UUGAuuuAC*CuAGuuuAC***GAuAuuuuACUCGuuUA*UUUUAuuuuG*UUUAGGAUAUUAAUUUUUUGUAUUAAUn-Po lyA 
DISCUSSION
We have shown that pan-editing occurs in T. borreli mitochondria and that the genomic organization of the mitochondrial DNA shows some similarities to that of the trypanosomatids but that it also has some striking differences. The CYb gene was found to contain a pan-edited 3' domain which represents a novel type of editing pattern, in addition to the short 5'-edited domain found in all trypanosomatids. A panedited RPS12 cryptogene similar to that present in trypanosomatids was also found. Another GR, GRII, most likely represents another pan-edited cryptogene, perhaps homologous to the G1 to G5 (CR1 to CR5) cryptogenes in L. tarentolae and T brucei. An overall 3'-to-5' polarity of editing was demonstrated by the presence of partially edited RNAs. The presence of large misedited junction regions between fully edited and pre-edited sequences is similar to the situation in trypanosomatids (3, 10, 29) . This evidence strongly suggests that the mechanisms of editing in cryptobiids and in trypanosomatids are similar.
The mitochondrial genetic system of the cryptobiids differs from that of the trypanosomatids both in terms of the size of the maxicircle homolog and the gene order of structural and rRNA genes and in terms of the physical organization of the minicircle homolog sequences. In the trypanosomatids, the kinetoplast DNA consists of giant networks composed of thousands of catenated minicircles that are 1 to 2.5 kb in size, encoding gRNA genes, and a smaller number of catenated maxicircles (20 to 40 kb) encoding rRNA, structural genes, and also a limited number of gRNA genes (7, (24) (25) (26) (27) (28) The presence of pan-editing in T. borreli indicates that this phenomenon most likely already existed within the ancestral kinetoplastid prior to the divergence of the trypanosomatid and the bodonid and cryptobiid lineages, which probably occurred at the time of the separation of vertebrates and invertebrates (6) . This supports previous conclusions that RNA editing appeared early in evolution (11, 13, 14) . The differences between the organization of gRNA-encoding catenated minicircles in trypanosomatids and that of the tandem repeats in T. borreli are striking and intriguing. In view of the ancient divergence of the bodonid and cryptobiid lineage from the trypanosomatid lineage, it would be interesting to investigate whether this type of genomic organization of gRNA genes represents an evolutionary primitive trait which existed prior to the development of catenated minicircles in the trypanosomatids.
